It has long been recognized on the basis of clearance studies that changes in glomerular filtration rate (GFR) are associated with parallel changes in the tubular reabsorption of salt and water (1) . More recently, micropuncture studies have defined both the site and the quantitative nature of this relationship. The observation that the tubular fluid to plasma ratio of inulin, [(TF/P)In] at the end of the proximal tubule remains constant in the face of wide variations in GFR (2) (3) (4) (5) (6) (7) established this segment as the site of the interaction between GFR and tubular reabsorption. To be sure, sodium reabsorption in the proximal tubule may be influenced by other factors, especially those linked with changes in effective extracellular fluid volume (6, 8) , independent of changes in GFR. The term glomerulotubular balance is reserved for those changes in reabsorption, attributable solely to alterations in GFR, that maintain a constancy of fractional reabsorption in the proximal tubule.
Theoretically, changes in GFR could influence tubular reabsorption by altering the rate of flow of tubular fluid, changing the geometry of the proximal tubule, or eliciting the secretion of a hormone. In recent micropuncture studies (6, 7) in which glomerulotubular balance has been most rigorously demonstrated, GFR was acutely reduced by constricting either the renal artery or the aorta above the renal arteries. Reductions in GFR induced in this fashion, however, are associated with concomitant decreases in flow rate of tubular fluid and tubular size, as well as with activation of the renin-angiotensin system. In this experimental setting, therefore, it is difficult to identify which, if any, of these factors mediates glomerulotubular balance.
In the present studies the mechanism of glomerulotubular balance was examined under circumstances where these various influences could be dissociated. The effects of acute reductions in GFR, induced either by aortic constriction or elevation of ureteral pressure, on the relation between fractional reabsorption [estimated from (TF/ P)In] and velocity flow (estimated from transit time) were examined in the proximal convoluted tubules of rats. Since aortic constriction was associated with visible decreases in tubular size, whereas increased ureteral pressure produced proximal dilatation, the role of tubular geometry could be easily ascertained.
Aortic constriction resulted in decreased GFR and decreased tubular size, but did not change either fractional reabsorption or transit time. In contrast, elevation of ureteral pressure decreased GFR but increased tubular size, transit time, and fractional reabsorption; in fact the absolute rate of reabsorption appeared to increase in direct proportion to tubular volume. These results exclude the rate of flow of tubular fluid as the factor mediating glomerulotubular balance and afford strong evidence that the balance between GFR and tubular reabsorption is mediated by tubular volume.
Methods
Experiments were performed in Sprague-Dawley rats, weighing 190 to 260 g, that were anesthetized by intraperitoneal injection of sodium pentobarbital (40 to 60 mg per kg), placed on a heated animal board, and prepared for micropuncture as previously described (9) , with the exception that the kidney was exposed through a flank incision. During surgery the rats received 5 to 6 ml of isotonic saline through 'a cannula in the jugular vein to compensate for extracellular fluid (ECF) losses at the surgical sites (10) . Preliminary studies had shown that this amount of fluid replacement was adequate to restore GFR to normal without resulting in a saline diuresis, as judged from urinary to plasma inulin ratios ranging from 200 to 420. These ratios indicate that urine flow is less than 0.5% of the GFR. Blood was collected in the midpoint of each period. The ureter was cannulated with polyethylene tubing and the urine collected in glass vials under oil. The urinary volume was determined by weighing.
The clearance of inulin-"C was measured by administering a priming dose of 1 to 1.5 uc and a sustaining infusion of 5 During micropuncture experiments the GFR on the experimental side cannot be assumed to equal that of the control side. In such experiments, therefore, the measurement of GFR by the constant infusion technique requires that the contralateral kidney be removed. For this reason all animals used in the present studies were subjected to a right unilateral nephrectomy 1 to 3 weeks before the micropuncture experiment. In these rats the steady state concentration of inulin was very constant from period to period. The usual variation was less than 10%; occasionally the variation would be as great as 15%.
In all animals the transit time through the proximal convoluted tubule was repeatedly measured with the technique described by Steinhausen (11) . Twenty-five to 50 1A of a 10%o solution of Lissamine green was injected through an indwelling polyethylene cannula in a jugular vein. The transit time was measured with stopwatches while the kidney surface was observed through the microscope. The first watch was started at the moment the kidney became green and stopped when the dye had cleared completely from all the proximal convoluted tubules. In most instances the dye cleared from all surface convolutions within 10 to 15 seconds after its first appearance in the kidney; usually the final clearance of dye occurred simultaneously in all surface nephrons. The second watch was used to measure the duration of the color wave in one loop. The duration of the color wave past a given point in the tubule was 3 to 6 seconds. This second time was subtracted from the first to give an approximation of the transit time from the glomerulus to the end of the proximal convolution.
To examine the relationship between (TF/P) I, and transit time, tubules were punctured and fluid collected for the analysis of inulin; the time required for fluid to pass from glomerulus to collecting pipette was taken as the transit time. The end point was chosen as the collecting pipette rather than the end of the proximal tubule because it is the former and not the latter that determines the (TF/P),. ratio. Each rat was given a priming dose of 10 to 20 Ac of inulin-14C and a sustaining infusion of 60 to 120 gc per hour in isotonic saline at a constant rate of 0.02 ml per minute. Forty to 60 minutes was allowed for equilibration before starting the collection of tubular fluid. Proximal convolutions were punctured with oil-filled micropipettes with ground tips ranging from 6 to 10 l in diameter. The tubules were injected either with a small oil droplet or a column of oil that filled several loops. The rate of collection was adjusted to prevent the oil drop from moving downstream or upstream. During the collections, which lasted approximately 3 to 10 minutes, 25 to 50 IAI of a 10% solution of Lissamine green was injected rapidly into the jugular vein, and the interval between the first appearance of dye in the kidney and the moment dye first reached the collecting pipette was measured. This was repeated two to four times during each collection. After the sample was collected the tubule was injected with latex; subsequently, the puncture site was localized in the latex cast.
The concentration of inulin-"C was measured by adding samples of infusion solution, plasma, urine, and tubular fluid to 10 The colored photograph was proj ected onto white paper and the magnified image traced. The tracings of several different convolutions in each field were cut out and weighed. The ratio of the experimental to control weights is equivalent to the ratio of the experimental to control radii, whereas the square of the ratio is equivalent to the ratio of the experimental to control tubular volumes.
1) Effects of lowering GFR by aortic constriction. In 13 rats undergoing saline diuresis measurements of GFR and transit time were obtained before and after aortic constriction; in four of the rats tubular size was also measured. After two to three control periods the aorta -was constricted for two to three periods; the aortic constriction was then released and measurements obtained during one to two recovery periods.
In two additional rats undergoing saline diuresis repeat measurements of (TF/P) In and transit time were made at the same tubular puncture site before and after aortic constriction. After the first collection the puncture site was labeled by depositing nigrosin in an adjacent area and drawing a map of the kidney surface (6) .
Saline diuresis was induced by infusing a solution containing 125 mM NaCl and 25 mM NaHCO3 at a rate of 0.4 ml per minute; fresh rat plasma was added to the infusion to deliver 0.01 to 0.02 ml plasma per minute. Since urine flow was reduced by about 50%o during the period of aortic constriction, the infusion rate was reduced to 0.2 ml per minute.
The GFR was lowered by constricting the aorta above the renal artery. A ligature was passed around the aorta and threaded through a polyethylene tube. Tension placed on the ligature resulted in compression of the aorta against the end of the polyethylene tube. The degree of constriction was monitored by continuously measuring the blood pressure in a femoral artery with a Statham strain gauge connected to a Sanborn recorder. After control periods were obtained, the aorta was constricted to yield a blood pressure of 70 to 75 mm Hg below the constriction. The animal was allowed to stabilize for approximately 30 to 40 minutes at the lower blood pressure before the experimental measurements and collections were taken.
2) Effects of lowering GFR by raising ureteropelvic pressure. In seven antidiuretic rats GFR, tubular size, and transit time were determined before and after increasing ureteral pressure. After three control periods ureteral pressure was elevated 25 to 40 mm Hg by raising the fluid level in the ureteral catheter above the level of the rat. The rat was then permitted to equilibrate at this new level of ureteral pressure for approximately 40 minutes before the measurements were repeated.
The effect of increased ureteral pressure on the relation between (TF/P)i, and transit time (time required for tubular fluid to pass from the glomerulus to the collecting pipette) was examined in two groups of rats. The first group consisted of nine normal rats, whereas the second group consisted of ten rats with increased ureteral pressure.
Results
Effects of lo-wering GFR by aortic constriction. Aortic constriction was performed in rats during saline diuresis because of the demonstration by Dirks, Cirksena, and Berliner (6) that reduction of GFR by 30 to 50% in dogs during saline diuresis did not alter the (TF/P) ,1 ratio. In the control periods before aortic constriction, the rats were excreting 3 to 10% of their glomerular filtrate. Constriction of the aorta~sufficient to reduce the femoral blood pressure by about 50 mm Hg lowered GFR by 20 to 54%o (Table I) . Associated with the fall in GFR there was visible shrinkage in over-all kidney size and a measurable decrease in tubular volume; the per cent reduction in tubular volume was similar to the per cent decrease in GFR (Table I) . Despite the reduction in GFR, transit time remained constant, with a mean of approximately 9 seconds. These transit times were much faster than those observed by Steinhausen (11) but agree very closely with those of Thurau and Deetjen (12) . We have. however, observed transit times as long as those found by Steinhausen (e.g., approximately 20 to 30 seconds) in antidiuretic rats not given any saline to replace ECF losses due to surgery.
The reduction in GFR by 20 to 54%o is comparable to that obtained by Dirks and associates (6) and Glabman, Aynedjian, and Bank (7); in both of these studies glomerulotubular balance, as reflected by a constant (TF/P)in, was observed. Nevertheless, to make certain that our transit times were obtained under the same conditions of glomerulotubular balance, the (TF/P)In was measured in eight replicate studies (four in each of two rats) before and after aortic constriction (Table  II) . During the control period the time required for the color wave to reach the collecting pipette ranged from 5.5 to 10.5 seconds; (TF/P)in ranged from 1.53 to 2.12 (Table II) . Aortic constriction decreased GFR by 37 and 52%; however, there was no significant change in either transit time or (TF/P)In ratio. It is therefore concluded that, when the GFR is lowered (up to 52%o) by aortic constriction in the range where glomerulotubular balance is preserved, the transit time remains constant.
Effects of increased ureteral pressure. Elevation of ureteral pressure by 25 to 40 mm Hg uniformly lowered GFR by 20 to 37%o of control values (Table III) . This reduction in GFR was associated with two findings different from those observed when GFR was reduced to a similar extent by aortic constriction: the tubular volume increased by 23 to 56%o, and transit time increased by 67 to 245% (Table III) .
To determine the state of glomerulotubular balance when GFR falls in association with prolongation of transit time and tubular dilatation, we com- Tables IV and V Several difficulties arise in collecting proximal tubular fluid for (TF/P)In during periods of elevated ureteral pressure. Contamination of the sample by retrograde flow is especially likely because of high intratubular pressure. In a preliminary experiment it was found that, when the tubule was blocked distal to the pipette with a small drop of oil, proximal (TF/P) , ratios of 10 to 100 were obtained. Much lower ratios were obtained when the tubule was blocked by filling several loops distal to the puncture site with oil. The large oil column necessary to prevent retrograde flow during increased ureteral pressure introduces the possibility that disturbances in flow dynamics will change transit time and (TF/P)In. This problem was investigated in the normal rats without increased ureteral pressure by measuring the transit time to a given site in the tubule before puncture, during puncture with the tubule blocked with a small oil drop, and during puncture with a large oil column. (TF/P)In was also measured with the two different types of oil block.
In almost every puncture 'there was excellent agreement between the transit time before and during puncture. In two instances, however, transit time increased significantly during the puncture. In rat no. 3 (Table IV) the transit time increased from 5 seconds before puncture to 13.7 seconds during puncture; as will become apparent later, the (TF/P)In of 2.78 is rather high for a location of 28%o of the proximal tubule but is quite in line with the transit time of 13.7 seconds. Consequently, this value was not included in the plot of (TF/P)In against distance ( Figure  1) . Also, the fourth puncture in rat no. 4 showed an increase in transit time during the collection period. In cases where two consecutive samples were obtained from the same puncture site (indicated by asterisks in Table IV) , first with a small oil drop in the tubular lumen and the second time with a large oil column, there was good agreement of both the transit times and the (TF/P)In ratios. In observing the color wave it was always noted that the tubular fluid moved past the small In the normal rats the GFR ranged from 6.9 to 9.8 ml per minute per kg (Table IV) . Twenty- (TF/P) Inu.in = tubular fluid to plasma ratio of inulin. (Table V) . Only 13 of 37 samples had (TF/P) In ratios below 2.0, whereas 19 were between 2.0 and 3.0, and 4 were above 3.0 (Table  V) . The fact that elevated ureteral pressure increased fractional reabsorption is much more apparent when the (TF/P) I ratios are plotted against distance (Figure 1 , open circles). With (Figure 1 ) and had decreased transit times after tubular puncture. These (TF/P) n ratios, therefore, are probably falsely low due to decompression of the tubule and restoration of normal flow and filtration by the process of tubular puncture.
Discussion
The present studies clearly demonstrate that reduction in GFR is not necessarily associated with a constant (TF/P)In in the proximal tubule. The constancy of the (TF/P)In depends entirely on the manner in which the GFR is reduced. When GFR was lowered by aortic constriction 30 to 50%o below control values, (TF/P) In remained constant (Table II) . This is in accord with the observations of others in dogs (6) and rats (7) that large falls in GFR after aortic constriction are associated with a remarkably constant fractional reabsorption in the proximal tubule. However, when GFR was reduced to the same extent (20 to 40%) by elevating ureteral pressure, (TF/P)In rose ( Figure 1 ). It is obvious that the maintenance of glomerulotubular balance is not a necessary consequence of a fall in GFR, but is mediated by some additional factor correlated with aortic constriction and not with elevated ureteral pressure.
The constant (TF/P)I, during aortic constriction was associated with a reduction in tubular volume and a constant transit time (Table I) . This is strong evidence that diminution in linear velocity is not responsible for glomerulotubular balance. The fact that glomerulotubular balance was maintained when reduction in GFR was associated with shrinkage of the proximal tubule (aortic constriction, Tables I and II) and disrupted when reduction in GFR was associated with dilatation of the proximal tubule (increased ureteral pressure, Tables III and V) suggests that tubular geometry is a critical factor mediating the precise adjustment of tubular reabsorption to GFR.
Gertz (13), on the basis of the finding that the intrinsic reabsorptive capacity of the tubular epithelium (measured in oil-blocked segments of proximal tubule with a stopped-flow microperfusion technique) varied proportionately to small spontaneous changes in tubular size had, in fact, suggested that in the intact nephron during free flow, alterations in tubular geometry might be responsible for the proportionate changes in reabsorptive rate and GFR. Such a mechanism, however, would require not only an exact proportionality between reabsorptive rate and tubular volume, but also between tubular volume and GFR. Gertz, however, presented no data bearing on this issue.
The relationships between reabsorptive rate, tubular volume, and GFR can be ascertained by analyzing the data from the present experiments according to a theoretical model developed by Gertz (13) . According to this model, reabsorption in the proximal tubule can be described as a function of length (X) and transit time (T) by the following equations: fractional reabsorption (1-(TF/P) ) CX ; [1] VO'
In (TF/P)1n = C2 irr2 [2] where C = reabsorptive rate constant per unit tubular length, Vo = GFR per nephron, r = tubular radius, and 7rr2 = tubular volume per unit tubular length.
The principal assumption in this model is that the reabsorptive rate constant C is constant along the tubule so that each segment reabsorbs the same amount of fluid. This is in contrast to the model proposed by in which the reabsorptive rate at any segment in the tubule is proportionate to the volume of fluid entering the segment; consequently, reabsorptive rate would decrease exponentially as a function of length. As pointed out by -Gottschalk (17) , the currently available micropuncture data that relate fractional reabsorption to distance along the proximal tubule are not sufficiently precise to permit a choice between these two models. Gertz (13) , however, found that C/7rr2 measured by the shrinking-drop technique is the same in different portions of the proximal convolution; we have confirmed this finding (18) . Since 7rr2 in the shrinking-drop technique is independent of tubular location, the constancy of the expression C/7rr2 suggests that the intrinsic reabsorptive properties of the proximal convoluted tubule are uniform along its length. Nevertheless, the absolute rate of reabsorption might progressively diminish because of either the accumulation of nonreabsorbable solutes or the effects of diminishing velocity flow. Accumulation of nonreabsorbable solutes, however, should exert a significant effect only after 70 to 80% of the filtrate is reabsorbed and should have no detectable effect on the kinetics of the reabsorption of the first 50 to 60% of filtrate (19) . As will become apparent later in comparing the effects of aortic constriction and increased ureteral pressure, there is no apparent effect of velocity flow on reabsorptive rate.
Equations 1 and 2, therefore, can be used to examine the critical relationship between reabsorptive rate and tubular volume and tubular volume and GFR. When GFR (Vo) was reduced by aortic constriction, fractional reabsorption, or (TF/P)In, remained constant. This means that the right-hand side of Equation 1 , CX/Vo, was constant. Since the site (X) at which tubular fluid was sampled was the same before and after aortic constriction, C/Vo was constant. Similarly, the constancy of (TF/P) 11 also means that the right-hand side of Equation 2, CT/7rr2, was constant. The demonstration ( Tables I and II) that transit time (T) was not changed when GFR was reduced by aortic constriction means that C/irr2 remained constant (Equation 2). The fact that C/Vo and C/7rr2 both remained constant as Vo was reduced by aortic constriction indicates that Vo, C, and 7rr2 were changing proportionately. This suggests that the constancy of (TF/P)In when GFR is reduced is mediated by a change in tubular volume that elicits a proportionate change in the reabsorptive rate.
To ascertain whether the reabsorptive rate (C) was proportionately increased when the proximal tubules were dilated, GFR was reduced by elevating ureteral pressure. Under these circumstances glomerulotubular balance was disrupted ( Figure 1 ) and transit time prolonged. However, the relation between (TF/P),,, and T was unaltered. As shown in Figure 3 , the relation between log (TF/P)I. and T was linear and had the same slope with or without ureteral pressure; a (TF/ P)j. of 2 was attained in approximately 8.5 seconds in both groups. Since the slope, which is C/7rr, was not altered by increased ureteral pressure, it follows that the reabsorptive rate was elevated in proportion to the degree of tubular dilatation. In addition, the fact that C/irr2 was the same in the two groups despite the marked differences in the velocity flow of fluid through the tubule furnishes strong evidence that velocity has little or no effect on reabsorptive rate. The results indicate that the value for C/7rr2 is not altered by either increased ureteral pressure or aortic constriction. It follows, therefore, that the reabsorptive rate and tubular volume vary proportionately during proximal dilatation (elevated ureteral pressure, glomerulotubular balance disrupted) as well as during proximal tubular shrinkage (aortic constriction, glomerulotubular balance preserved). It is, therefore, concluded that a reduction in GFR, if accompanied by tubular shrinkage, will be associated with a maintenance of glomerulotubular balance. If the reduction in GFR is associated with tubular dilatation, glomerulotubular balance will be disrupted. In either instance reabsorption is determined by tubular volume. Glomerulotubular balance is preserved during aortic constriction only because the proximal tubule shrinks.
At least three other mechanisms for maintaining glomerulotubular balance have been postulated and must be examined with respect to our data. , extending the ideas of Rehberg (24) and Bojesen (25) , has proposed that primary alterations in tubular reabsorption lead to secondary changes in GFR. According to this theory, decreased renal perfusion pressure releases angiotensin, which inhibits proximal tubular reabsorption (26) ; the decreased proximal reabsorption raises intratubular pressure transiently and thus lowers GFR. In the new steady state both GFR and tubular reabsorption would be reduced proportionately, but proximal intratubular pressure and volume would be maintained. (27) have shown that both increased ureteral pressure and aortic constriction stimulate the release of renin, thereby increasing angiotensin activity, proximal reabsorption should be inhibited by either procedure. In our studies, however, not only did elevated ureteral pressure fail to suppress proximal reabsorption proportionate to the fall in GFR, but it resulted in an absolute increase in proximal reabsorption in direct proportion to the degree of tubular dilatation.
Berliner (28) has recently suggested that glomerulotubular balance is mediated by an internal feedback system in which changes in either the volume or composition of filtrate reaching the distal tubule are detected by some sensing device, possibly the macula densa; such stimuli either activate or suppress a local hormonal mechanism, which in turn produces appropriate readjustments of proximal reabsorption. The finding that despite comparable reductions in GFR, aortic constriction depressed, whereas elevated ureteral pressure enhanced, proximal reabsorption, is strong evidence against either the concentration or the absolute quantity of sodium in the fluid delivered to the distal tubule serving as the key variable in such a postulated internal feedback system. An alternative possibility, which is more difficult to assess, is that alterations in the volume of fluid delivered to the distal tubule cause either distension or collapse of this area of the nephron and thereby control the appropriate release of some hormonal agent. Thus, aortic constriction would cause collapse of the distal tubule with resultant feedback inhibition of proximal reabsorption, whereas increased ureteral pressure would distend the distal tubule, which would result in enhanced proximal reabsorption. The principal evidence against this possibility is that the distal volume changes associated with antidiuresis (collapse) and water diuresis (distension) should influence proximal reabsorption in a similar manner as aortic constriction and elevated pelvic pressure, respectively.' This, however, does not occur. In fact, the only available micropuncture data (30) comparing proximal reabsorption in water diuresis and antidiuresis suggest that water diuresis (and presumably distal distension) depresses rather than enhances proximal reabsorption. It seems unlikely, therefore, that glomerulotubular balance is mediated by an internal feedback system.
Finally, has postulated that the proximal tubule is analogous to a catalytic flow reactor, so that the rate of reabsorption in any given segment of the proximal tubule is proportional to the volume delivered to it. Alteration in volume flow might influence tubular reabsorption in two ways: by variations in linear velocity and by variations in tubular radius. The possibility that the reabsorption of sodium in the fluid layer adjacent to the tubular epithelium generates radial concentration gradients of sodium, which are increased by slowed flow and dissipated by accelerated flow, has been discounted by Robinson (31) and by Friedlander and Walser (32), because the rate of sodium diffusion through a small layer of tubular fluid relative to the fate of sodium reabsorption is so great that radial concentration gradients could not exist. The fact that linear velocity did not change (i.e., constant transit time) under conditions where reabsorptive rate was decreased proportionately to GFR during aortic constriction, whereas fractional reabsorption was enhanced under conditions where linear velocity was decreased disproportionately to GFR (prolonged transit time) during elevation of ureteral pressure, excludes linear velocity as an important factor in maintaining glomerulotubular balance. Thus, if the element of linear velocity is excluded, Kel- man's model of glomerulotubular balance is similar to that proposed by Gertz (13) , in that the only way in which alterations in volume flow can influence reabsorptive rate is through changes in tubular size.
Our studies, therefore, are not in accord with the models of glomerulotubular balance proposed by Leyssac (20) , Berliner (28) , and Kelman (14) and support the one suggested by Gertz (13 The mechanism by which tubular radius or tubular volume is adjusted to changes in GFR is not entirely clear. In a distensible tubular system the tubular radius should be a function of the small difference between intratubular and peritubular pressures, rather than the actual intratubular pressure. However, it is not unreasonable to assume that, under conditions of varying GFR (increased ureteral pressure excluded), the pressure gradient across the tubular wall might vary proportionately to the absolute intratubular pressure. Although Leyssac (22) found that reducing GFR by partial clamping of the renal artery had no effect on intratubular pressure, Gertz (33) has recently shown that clamping the aorta above the renal artery lowered both GFR and intratubular pressure.
The proposed mechanism of glomerulotubular balance assigns the critical regulatory role to tubular geometry; proximal reabsorption is enhanced by tubular dilatation and diminished by tubular shrinkage. The diameter of the proximal tubule is in some manner regulated by intratubular pressure, which in turn is related to the volume of fluid emerging from the proximal tubule and the outflow resistance in Henle's loop. When GFR is elevated, the increased volume of fluid delivered to the loop of Henle causes a rise in proximal intratubular pressure and therefore tubular dilatation. In consequence, *there is a proportionate increase in reabsorptive rate. The reduced volume of fluid leaving the proximal tubule when GFR is reduced causes a fall in intratubular pressure and tubular shrinkage; proximal reabsorption is thereby reduced proportionately. In either instance the changes in tubular size mitigate the effect of alterations in GFR and tend to preserve the volume of fluid delivered to the distal nephron.
Summary
The mechanism responsible for the maintenance of glomerulotubular balance was examined in rats whose filtration rates had been reduced to the same extent by either aortic constriction or elevated ureteral pressure.
During aortic constriction both the proximal tubular fluid to plasma inulin ratio and the transit time were constant. The constancy of the inulin ratio establishes that tubular reabsorption was diminishing in direct proportion to reductions in glomerular filtration rate (GFR), whereas the constancy of the transit time establishes that tubular volume was diminishing in direct proportion to reductions in GFR. This combination of findings means that reabsorptive rate diminished in proportion to the decrease in tubular volume.
After elevation of ureteral pressure, tubular size increased, transit time was prolonged, and glomerulotubular balance was disrupted. Nevertheless, despite the fall in glomerular filtration rate, proximal reabsorption did not diminish, but actually increased in direct proportion to the magnitude of tubular dilatation.
We concluded that proximal tubular reabsorption is a function of tubular volume. Glomerulotubular balance is maintained when tubular volume falls in proportion to GFR. Glomerulotubular balance is disrupted when tubular volume increases as GFR falls.
Addendum
Since submission of this manuscript, studies on glomerulotubular balance have been published by Gertz, Mangos, Braun, and Pagel (34) . These investigators found that acutely lowering GFR in antidiuretic rats resulted in prolongation in transit time and elevation of (TF/P)1n ratios. It should be noted that in the experiments of Gertz and his associates the rats were not given adequate amounts of saline to replace surgical losses, so that the kidneys were functioning against the background of reduced effective ECF volume. We (18) have also observed that acutely lowering GFR in antidiuretic rats that are not given saline to replace surgical losses of extracellular fluid results in increased transit time and elevation of the calculated (TF/P)in ratio; if, however, the rats are given sufficient saline to correct for surgical losses, but not enough to induce saline diuresis, transit time remains constant when GFR is reduced. Although the results obtained by Gertz and his colleagues and by us in nonsaline-repleted rats appear to be in disagreement with the results obtained in the present studies with rats undergoing saline diuresis, all of the studies are in complete agreement that (TF/P) i is related to transit time (T) by the expression, In (TF/P) i. = (CT/rr2), and that C/7rr2 is constant over a wide range of GFR.
Since C/irr' is constant in all of these studies, it can be concluded from Equations 1 and 2 in the text that tubular volume per unit length (7rrs) is the primary factor governing intrinsic reabsorptive rate (C) and that glomerulotubular balance will be maintained only when tubular volume changes proportionately to GFR. Thus, it appears that in rats given sufficient saline to replace surgical losses of extracellular fluid accruing during the micropuncture procedure or in rats undergoing saline Second, when ECF volume is normal or expanded, acute changes in GFR are associated with maintenance of glomerulotubular balance; however, when ECF volume is diminished, the response to acute reductions in GFR is altered so that glomerulotubular balance does not occur.
